The general consensus from epidemiological game-theory studies is that vaccination coverage driven by self-interest (Nash vaccination) is generally lower than group-optimal coverage (utilitarian vaccination). However, diseases that become more severe with age, such as chickenpox, pose an exception to this general consensus. An individual choice to be vaccinated against chickenpox has the potential to harm those not vaccinated by increasing the average age at infection and thus the severity of infection as well as those already vaccinated by increasing the probability of breakthrough infection. To investigate the effects of these externalities on the relationship between Nash and utilitarian vaccination coverages for chickenpox, we developed a game-theory epidemic model that we apply to the USA and Israel, which has different vaccination programmes, vaccination and treatment costs, as well as vaccination coverage levels. We find that the increase in chickenpox severity with age can reverse the typical relationship between utilitarian and Nash vaccination coverages in both the USA and Israel. Our model suggests that to obtain herd immunity of chickenpox vaccination, subsidies or external regulation should be used if vaccination costs are high. By contrast, for low vaccination costs, improving awareness of the vaccine and the potential cost of chickenpox infection is crucial.
INTRODUCTION
Chickenpox, a highly transmissible childhood disease that becomes more severe with age, has a 10-30 times greater mortality rate for adults than for juveniles [1, 2] . Vaccination of children is currently recommended by the Centers for Disease Control (CDC) in the USA prior to the widespread availability of the vaccine in 1995, there were an estimated 4 million annual cases of chickenpox resulting in 11 000 hospitalizations and 100 deaths in the USA [3, 4] . Currently, most states in the USA mandate vaccination for school admission, resulting in vaccination coverage close to 90 per cent for juveniles [5] . By 2002, because of this mandated vaccination, the number of hospitalizations owing to chickenpox had decreased by 88 per cent [6] .
In contrast to the USA, childhood immunization against chickenpox is not a standard practice in most of the world [7, 8] . In Israel, for example, vaccination is voluntary and has been steadily increasing since the availability of chickenpox vaccine in 2000 [9] . Yet, vaccination coverage is less than 50 per cent despite the low cost of vaccination in Israel [10, 11] .
Chickenpox vaccination decisions at the individual level may not always correlate with population-coverage externalities, costs and benefits that do not directly affect the individual. When an individual is vaccinated, costs and benefits accrue both to that individual directly and to the society as a whole. Internal costs include not only expenses but also vaccination risk and inconvenience (table 1). The internal benefit to an individual is direct protection from the disease.
From the utilitarian perspective, externalities are also important. One externality of vaccination is the reduction of transmission to others through herd immunity. For most diseases, this reduced transmission is a positive externality [12, 13] , because any reduction in the total number of cases will reduce the societal burden of disease. Another externality of vaccination is an increased average age of infection. Generally, this externality is inconsequential, or even positive.
However, chickenpox can present an exception to this generalization, because its virulence increases with age. This externality is potentially negative, depending on the extent of vaccination coverage. If there is already widespread vaccination, the absolute infection probabilities in both childhood and adulthood decrease with further vaccination, making the externality of the decision to vaccinate positive [14] [15] [16] [17] . However, if there is low vaccination coverage, the absolute probability of adult infection increases, making the externality of the decision to vaccinate negative for the rest of the population [14] [15] [16] .
Cost-effectiveness studies have examined chickenpox vaccination from societal and healthcare provider perspectives [1, [18] [19] [20] . There has been no epidemiological game-theory analysis to determine how perceived costs and benefits affect chickenpox vaccination decisions or to assess whether the optimal coverage of vaccination may be achieved through individual action. The general consensus is that the Nash coverage of vaccination is lower than the community optimum owing to the positive externality of vaccination [13, 21, 22] .
We present the first application of epidemiological game-theory modelling to chickenpox vaccination, which demonstrates that the relationship between the Nash and utilitarian vaccination is complicated by a positive correlation between age and disease severity. We determine how the relationship between the utilitarian and Nash equilibrium coverages of chickenpox vaccination changes as costs of vaccination are varied for two sample countries with different vaccination programmes, the USA and Israel. In contrast to the current consensus, we show that vaccination coverage for the Nash equilibrium can actually be higher than that for the community optimum depending on the costs and efficacy of the vaccine owing to potential negative externalities. We also find that there can be three Nash equilibria, two stable and one unstable, for both the USA and Israel.
METHODS

The model
We developed an age-structured epidemic model of chickenpox transmission and vaccination, which separates individuals on the basis of their infection, immunity and vaccination status (figure 1). The model was parametrized from epidemiological, clinical and economic data for the USA and Israel (tables 2 and 3). Juveniles enter the model at an age of 1 year in either the susceptible or vaccinated juvenile class and then move into the adult stage at age 20, consistent with clinical data showing a sharp increase in chickenpox morbidity at 20 years [3, 25] . The birth rate (r) is assumed to be constant, such that the population size is maintained in the absence of chickenpox (table 2) .
Our model (figure 1; appendix A) includes the probability of vaccine failure, p, and a temporary protection probability f [14, 15, 26, 27] . Vaccine immunity wanes at rate c, moving individuals from the protected to the partially protected class [14, 15, 26, 27] . If exposed to disease while in the protected class, sub-clinical infection will develop with a probability of b, boosting immunity and moving the individual directly into the recovered class [14, 15, 26, 27] . If exposed to disease while in the partially protected class, the probability of developing clinical chickenpox, e, is reduced relative to the unvaccinated susceptible individuals [14, 15, 26, 27] . If a clinical infection develops after vaccination, the resulting breakthrough disease is relatively mild with a shorter infectious period, reduced infectiousness and a greatly reduced risk of mortality compared with infection of unvaccinated individuals [1, 15, 28] . The baseline values of the five vaccine efficacy parameters (p, f, c, b and e) are summarized in table 4. In our analyses, baseline values are used unless explicitly stated.
On the basis that juveniles have more contacts with other juveniles than they do with adults or than adults have with each other, the transmission parameters, b 1 for infection between juveniles and b 2 for infection 
Computing disutilities
The average costs of the vaccination, chickenpox infection and breakthrough infection in adults and juveniles, were calculated based on reported probabilities of complications and treatment costs for each age group [1, 6, 16, 18, 23, 33] . Our analysis focused on total costs, which incorporate both direct costs (e.g. physician visits, hospitalization and death related costs), as well as indirect costs (work time lost owing to chickenpox; table 3). It should be noted that there are two doses currently given in the USA, but a second dose of varicella vaccine is not widely recommended outside of the USA. In order to apply our model to the regions outside the USA, we only consider one dose in this work. We define the disutility of vaccine refusal as the expected cost to individuals who do not receive the vaccine,
the disutility of vaccination as the expected cost to vaccinated individuals, Figure 1 . Flowchart of chickenpox epidemiological model. For the simplicity of the flowchart, we did not draw death terms into the chart, k s,1 ,k s,2 , k v,1 and k v,2 indicating juvenile death rate from varicella with no vaccine, adult death rate from varicella with no vaccine, varicella mortality of vaccinated juveniles and varicella mortality of vaccinated adults, respectively. and the average disutility (D ave ) to the society as the expected societal cost per person,
Equations (2.1 -2.3), C IJ and C IA cover the total expected costs of infection per case in juveniles and adults, respectively. C BJ and C BA denote the total expected costs of breakthrough infection in juveniles and adults, respectively. The infection and breakthrough probabilities for juveniles ( p IJ and p BJ ) and for adults ( p IA and p BA ) are defined in appendix B.
Evaluating the Nash and utilitarian vaccination coverages
We determined the Nash equilibrium (V N ) by identifying the vaccination coverage whereby an individual has no incentive to change its strategies [13, 34] . This equilibrium can occur anywhere from 0 to 100 per cent vaccination. Zero vaccination will be a Nash equilibrium if the disutility of refusal is lower than the disutility of vaccination when no one in the population has been vaccinated. Similarly, there will be a Nash equilibrium at 100 per cent vaccination if the disutility of vaccination is lower than the disutility of refusal when the entire population has been vaccinated. Finally, there will be a Nash equilibrium wherever the disutilities of vaccination and refusal are equal. If, at a vaccination coverage slightly below such a Nash equilibrium, the disutility of refusal is lower than the disutility of vaccination, the equilibrium will be stable; otherwise, the equilibrium will be unstable. The utilitarian optimum coverage of vaccination occurs when total expected costs to the society are minimized [13, 34] . Thus, we minimize equation (2.3) with respect to vaccination coverage v to calculate the utilitarian vaccination coverage. A summary of symbols used is given in table 1.
RESULTS
Chickenpox infection and breakthrough probabilities
We found that without vaccination, infection probabilities are 90 per cent during childhood and 8.5 per cent during adulthood (figure 2a,b), consistent with actual infection probabilities prior to vaccine [32] . If the vaccine is highly efficacious, herd immunity is achieved with 92 per cent vaccination coverage. At low vaccine efficacies, herd immunity is not reached even when the entire population is vaccinated (figure 2). For unvaccinated juveniles (including those unprotected due to vaccination failure), the infection probability decreases as the vaccination coverage increases (figure 2a). However, the infection probability for adults rises with greater vaccination coverage (figure 2b). For a high vaccine efficacy, the infection probability for adults peaks at 18 per cent, when the background vaccination coverage is 77 per cent (figure 2b). As herd immunity is approached, the infection probability for adults quickly drops below the pre-vaccination coverage level (figure 2b). For a low vaccine efficacy, the infection probability for adults peaks at 17 per cent when the background vaccination coverage is near 100 per cent (figure 2b).
The probability of breakthrough infection for both successfully vaccinated juveniles (figure 2c) and adults (figure 2d ) initially rises as the vaccination coverage increases. This is due to a decrease in boosting from chickenpox exposure as the force of infection falls, resulting in fewer fully protected individuals relative to partially protected individuals. At low vaccination coverages, the chance of these partially protected individuals becoming infected remains relatively high leading to a high prevalence of breakthrough infections. As herd immunity is approached, the chance of infection for partially protected individuals becomes very low, reducing the overall probability of breakthrough infection. The peak probabilities of breakthrough infection in childhood range from 7 to 37 per cent (figure 2c) and in adulthood from 8 to 18 per cent as vaccine efficacy decreases (figure 2d ). Epidemiological game-theory dynamics J. Liu et al. 71
The effect of vaccination cost on the Nash equilibrium
We evaluated the impact of vaccination cost, C v , on the Nash equilibrium. For low vaccination cost (C v ¼ $108), the disutility of refusal is larger than the disutility of vaccination for any given vaccination coverage (figure 3a). In this case, 100 per cent vaccination is the unique stable Nash equilibrium. At a vaccination coverage slightly below 100 per cent, the disutility of refusal is larger than the disutility of vaccination. Consequently, non-vaccinators are motivated to switch to become vaccinators, this increases the vaccination coverage resulting in a stable Nash equilibrium at 100 per cent coverage. If we increase vaccination cost, the disutilities of vaccination and refusal intersect once between 0 and 100 per cent vaccination (figure 3b, for C v ¼ $134). At the intersection point (M in figure 3b ), individuals are indifferent about whether to receive the vaccine. At lower vaccination coverages, individuals would prefer to be vaccinated. By contrast, at greater vaccination coverages, individuals would prefer not to be vaccinated. Thus, this intersection is the stable Nash equilibrium (figure 3b). If we increase vaccination cost further (C v ¼ $137), the disutility of vaccination will intersect the disutility of refusal at two different points, p and Q (figure 3c). The vaccination coverage at p is an unstable Nash equilibrium, while Q is a stable Nash equilibrium (the first Nash). Another stable Nash equilibrium is 0 per cent vaccination at O (the second Nash). The intermediate equilibrium at point p is unstable because at slightly lower vaccination coverages, individuals would prefer not to be vaccinated, whereas at slightly greater vaccination coverages, individuals would prefer to be vaccinated. Thus, if the vaccination coverages were to move even slightly away from this unstable Nash equilibrium, we would expect the population to move towards one of the stable Nash equilibria. For sufficiently high vaccination cost (C v ¼ $145), the disutility of refusal will be smaller than the disutility of vaccination for any vaccination coverage (figure 3d). In this case, 0 per cent vaccination is the only stable Nash equilibrium.
Stable Nash versus utilitarian equilibria in the USA
Depending on vaccination cost, there is a single Nash equilibrium at different values of vaccination coverage: 100 per cent for C v , $111, 0 per cent for C v . $139, as well as near herd immunity if 111 , C v , 136 (figure 4). By contrast, there are three Nash equilibria (two stable, at 0 and 100%, as well as one unstable) when $136 , C v , $139 (figure 4). For these multiple Nash equilibria, the initial vaccination coverage determines the equilibrium state of the population: if the initial vaccination coverage is higher than the unstable equilibrium, the population will move towards the first stable Nash equilibrium at which there is an intermediate coverage of vaccination. By contrast, if the initial vaccination coverage is less than that at the unstable (table 4) . equilibrium, the population will settle on the 0 per cent stable Nash equilibrium (figure 4).
Like the Nash equilibrium, the average societal disutility owing to chickenpox across vaccination coverage levels is calculated based on the disutilities of vaccination and refusal. This utilitarian vaccination coverage is found by minimizing the average disutility in equation (2.3) with respect to the vaccination coverage for fixed vaccination cost and efficacy parameters. Our calculations show that the utilitarian vaccination coverage is 100 per cent when C v , $133 (figure 4).
As vaccination cost is increased (C v . $133), the utilitarian vaccination coverage shifts discontinuously to 0 per cent coverage (figure 4).
Nash and utilitarian vaccination coverages meet at 100 per cent when vaccination cost C v $111 and at 0 per cent when C v . $139 (figure 4). The utilitarian vaccination coverage is higher than the Nash equilibrium when $111 , C v , $133. More importantly, the vaccination coverage at the Nash equilibrium is higher than the utilitarian coverage when $133 , C v , $139 for the first Nash equilibrium and $133 , C v , $136 for the second Nash equilibrium (figure 4). These results oppose the general conception that Nash coverage driven by self-interest is always lower than utilitarian vaccination.
The cost of chickenpox vaccination in the USA is $117 (table 3) . For low vaccine efficacy, Nash and utilitarian vaccination coverages are both 100 per cent (figure 5). For vaccine efficacy from intermediate to high, Nash vaccination coverage is lower than the utilitarian optimum ( figure 5 ). For the baseline vaccine efficacy, the Nash and utilitarian vaccination coverages are 93 and 100 per cent, respectively. These predictions are close to a vaccination coverage of 90 per cent in the USA [5] .
Stable Nash versus utilitarian equilibria in Israel
The Nash and utilitarian vaccination equilibria in Israel are similar to those calculated for the USA ( figure 6 ). Epidemiological game-theory dynamics J. Liu et al. 73
There are three Nash equilibria (two stable and one unstable), when $183 , C v , $189. Nash and utilitarian vaccination coverages meet at 100 per cent, when C v $182 and at 0 per cent when C v . $199 (figure 6). The vaccination coverage at the first Nash equilibrium is higher than the utilitarian coverage when $183 , C v , $189. This result again opposes the general understanding that the Nash equilibrium driven by self-interest is always lower than the utilitarian vaccination coverage.
The Nash and utilitarian vaccination coverages are close to each other given a vaccine cost of $10 in Israel [24] (figure 7). The predicted vaccination coverages for both Nash and utilitarian are at least 90 per cent (figure 7), which is much higher than the voluntary vaccination coverage of 34.1 per cent, reported for Israel in 2005 [10] , suggesting that education about chickenpox rather than further subsidy would be the most effective approach to promote vaccination.
DISCUSSION
Our game-theory epidemic model demonstrates that vaccination cost is fundamental in determining the Nash and utilitarian equilibria of chickenpox vaccination in both the USA and Israel. When the vaccine is inexpensive, both the Nash and utilitarian vaccination coverages are either near herd immunity or at 100 per cent coverage. If the vaccine is very expensive, both the Nash and utilitarian vaccination coverages are 0 per cent. However, when the vaccine cost is intermediate relative to the infection cost, there can be three Nash equilibria (two stable and one unstable) and one of these Nash equilibria can be higher than the utilitarian vaccination coverage.
By determining how the Nash equilibrium differs from the utilitarian optimum, we can identify targets for intervention, such as subsidies or external regulation [13, 34] . Generally, subsidies are required to achieve the utilitarian optimum [13, 34] . However, for chickenpox, in many cases, subsidies would be unnecessary since the Nash equilibrium is already above the utilitarian optimum. In this case, subsidies would in fact exacerbate the discrepancy between the Nash equilibrium and the utilitarian optimum.
Depending on the vaccination cost, vaccination coverage can affect the utilitarian optimum differently. Low vaccination coverage can be less optimal to the population than no vaccination at all, given the potential for vaccination to raise the average age of infection and thus also elevate the virulence of chickenpox. Therefore, if a high vaccination coverage cannot be achieved, a vaccination campaign could perversely increase economic burden owing to the disease for the population overall. If the vaccine is expensive, no vaccination is the utilitarian optimum. However, if the vaccination cost is low, any vaccination is preferable to no vaccination. Intermediate levels of vaccination costs generate the most significant discrepancy between the Nash equilibrium and utilitarian optimum. If the vaccination cost is intermediate, chickenpox vaccination programmes should be implemented with an all-or-none approach.
The predicted vaccination at the Nash equilibrium is consistent with the actual observed vaccination coverage in the USA. Our analysis reveals a small discrepancy between the Nash equilibrium and the utilitarian optimum for high vaccine efficacy. Consequently, in the USA, subsidies or external regulations are required to achieve utilitarian vaccination coverage. By contrast, the predicted vaccination coverage at the Nash equilibrium in Israel is much higher than the actual level of voluntary vaccine uptake that has been observed, suggesting that information campaigns that dissemination awareness about chickenpox and its vaccine should suffice to promote vaccination. Consistent with this recommendation, survey results indicate that the major factor for hindering chickenpox immunization in Israel is the lack of information about the vaccine (49%), whereas financial limitation only accounts for about 5 per cent [10] .
We found that vaccination cost is fundamental in determining the Nash and utilitarian equilibria for chickenpox vaccination and that herd immunity in the USA and Israel can be achieved under a voluntary programme for current costs of vaccination. Our game-theory epidemic model and analysis can be applied to other countries. To obtain herd immunity of chickenpox vaccination, subsidies or external regulation should be used in countries with high costs of vaccination. By contrast, for countries with low costs of vaccination, such as Israel and the USA, improving awareness of the vaccine and the potential cost of chickenpox infection is key to promoting vaccination coverage.
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APPENDIX A. MODEL EQUATIONS
We considered two age groups: juveniles (group 1) and adults (group 2). There are eight potential states for each age group i (i ¼ 1 or 2): susceptible to chickenpox (S i ), latent (E i ), infectious (I i ), temporary vaccineprotected (VP i ), partially susceptible (VS i ), breakthrough latent (VE i ), breakthrough infectious (VI i ) and recovered (immune to chickenpox) (R i ). Based on the flowchart shown in figure 1 , the epidemiological model can be described by the following deterministic differential equations (where the meaning of parameters is given in ; ðA 2Þ where
APPENDIX B. PROBABILITY EQUATIONS CONDITIONAL ON VACCINE STATUS
-The probability of infection in childhood given that the individual was not vaccinated (or the vaccination failed) can be calculated by
-The probability of infection in adulthood given that the individual was not vaccinated (or the vaccination failed) is given by
ðB 2Þ -The probability of breakthrough infection in childhood given that the individual was vaccinated successfully can be stated as
ðB 3Þ -The probability of breakthrough infection in adulthood given that the individual was vaccinated successfully can be written as
